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Dynamical Properties of Extended Systems
from
Density-Functional Perturbation Theory

Stefano Baroni

Scuola Internazionale Superiore di Studi Avanzati (SISSA)
Trieste, Italy

and
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o Lattice dynamics from first principles
e Density-functional perturbation theory
e Lattice dynamics in perfect crystals

¢ Interatomic force constants

e Lattice dynamics in substitutionally disordered semicon-
ductors

Perspectives

Phonon Modes
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Previous Computational Work

DIELECTRIC MATRICES

@ ALL THE EXCITED STATES OF

THE UNPERTURBED SYSTEM
MUST BE CALCULATED.

MUCH MORE INFORMATION
MUST BE CALCULATED THAN
PHYSICALLY NEEDED.

STILL, THIS INFORMATION
[S NOT SUFFICIENT TO DEAL

WITH NONLOCAL PERTURBA-
TIONS,

MACROSCOPIC ELECTRIC
FIELDS EASILY TREATED.

COMPUTER WORKLOAD IN-
LDEPENDENT OF THE PERIOD-

ICITY ©F THE PERTURBA-
TION.

DIRECT APPROACH

ONLY OCCUPIED STATES OF

THE PERTURBED SYSTEM
ARE NEEDED,.

(ONLY NEEDED INFORMATION
IS CALCULATED.

NON LOCAL PERTURBATIONS
ARE EASILY TREATED.

Macroscoric ELECTRIC

FIELDS VERY DIFFICULT TO
TREAT.

COMPUTATIONAL
LOAD ox A3,

WORK-

Density-Functional Perturbation Theory. II
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Applications to Semiconductor Physics Phonon Modes from DFPT

Done So Far
1
AEu) = E&'u(l)-C(R—R')-u(R')
@ DIELECTRIC PROPERTIES. = -;};,Il:-C(q)-uq
@ !SLASTIC PROPERTIES. R
u(R) = é*ry, — AVI(r) = 27 AV (1)
@ ' /Z0ELECTRIC PROPERTIES.
C(q) = [ AnJ¥(r)AV{r)dr
@ P 1ONON DISPERSIONS OF PURE, BULK CRYSTALS. (a) j «Hr)AVHr)
@ PilONON DISPERSIONS OF SURFACES.
. AV(r) ~ "
@ PuONON DISPERSIONS OF SUPERLATTICES. ° ° ° ® ° ° °
@ PHONON DISPERSIONS OF ALLOYS. ~—
cell ~a
@ B AMAN AND INFRARED ACTIVITY. Supercell ~ %
@ THERMAL EXPANSION.
@ [S010PIC EXPANSION. To linear order:
And(r)=Y A P)¥_1,(r
@ ANIARMONIC LIFETIME OF PHONONS. 3(r) E.:- Vrran(F)¥-rs(r)
(Hscr ~ exo)lB¥r4q0]) =
® IS\II‘:}:)J\(I‘.;‘URAL AND THERMODYNAMICAL PROPERTIES OF . (AViora — (Vx| AVioraldne) o)
@® ELECTRONIC PROPERTIES OF INTERFACES. Supercell: CPU ~ ﬂkﬂ

: CPU ~
@ [LECTRONIC PROPERTIES OF ALLOYS. DFPT %J

Stefano Baroni SISSA-Trieste



ispersions

. Lo
i
L DoOs

Phonon D

o i =

ispersions

-

Phonon D

w

X

%/\

I S -~

b e

h « N
w/vf\ VAR AR
NNENTEEN IR
_..//// r m\//r ¥\ ]
E ; > -

......... 9 WY B O %K
mmm%mmm%mmmw%
& (, m9) Lomenbeid WI_.“ (,.mo) 4ouenbers M {,_mo) dousnbesy




VOLUME 72, NUMBER || PHYSICAL REVIEW LETTERS 14 MarcH 1994

Lattice Dynamics and Dielectric Properties of S8iQ, Stishovite

Changyol Tee
Laboretory of Atonic and Solid State Physics, Cornell University, fthaca, New York 1{853-2501

Xavier Gonze
Unité de Physico Clane el de Physique des Matériaur, Université Cathohgue de Louvain,
B.1348 Louvain-la-Neuve, Beigium
{Tteceived 22 November 1993)

‘TADLE (1. The phonon eigenmodes and the vibrationsl
frequencios of stishovite st I*. The experimental data ars from
Nel. [11] for the Haman modes and Rel. [1] for the infrared
monles. The frequencios are in em™* .

Mol This work Experiment
Haman modes
13, 2140 134
L, 585.4 586
Ay 754.9 151
Ay 5903 Silent
Iz, 9541 D64
Iifrared modes
[’ 38346 Silent
I, (10) 46990 470
Ea (L) 568 0 565
FL(1G) 595.1 580
E (L) 705.0 700
Iy, 761.4 Silent
An 1100 618 8 650
Az (LO) 1048 5 950
B o) 421 6 820
K {10} 14434 1020
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VOLUME 72, NUMBER ) PIHYSICAL RLEVIEW LLETTERS 17 JANUARY 1994

First Principles Einear Response Caleulations of Lattice Dynamics Tor Cu€l

Chueng-Zhang Wang, e Yo, and Hlenry Krakaoe
Uepartment of Fhyscs, College of Welhans amd Muary Willvaosbueg, Virgoua 23047 §705
tReceived 19 Qulober 1993)
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FIG. 1. Phonon dispersion curves of CuCl.
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20 DECEMSER 1993 Linear-Response Calculations of Electron-Phonon Interactions

FIIYSICAL REVIEW LETTERS

Ab Initio Calcalation of Surface Phonons in GaAs{110) 8. Y. Savrasov,* D. Y. Savrasov,” and O. K. Andersen .
Maz- Planck-fnstitut fir Festkirperforschung, D-70565 Stuttgart, Federal Republic of Germany

EoFritseh, P Pavone, and U Schiroder (Received 3 September 1953)

Instatut fur Pheoretisehe Mhysik des Uapeersstal Regensburg, Universitilsstraffe 5! D 03040 Regensburg, Germany

A new, generally applicabie method is developed for ab initio calculation of the wave-vector
(Received 5 Chotober 1943)

dependent electron-phonon coupling. The screening of the one-electron potential is evaluated by
linear-response theory using the local-density approximation snd linear muffin-tin orbitals. We
calculate electron-phonon coupling strengths and transport properties in Al and, for the first time,
in Nb and Me. OQur results are consistent with tlie experiinenial resuits and are compared with
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previcua theoretical resulis.

PACS numbers: 63.20.Kr, T1.10.4x, 72.15 Eb

The electron-phonon interaction is decisive for many
praperties of metals (1], such as the electrical and ther-
rual resistivities, superconductivity, and the rencrmaliza-
tion of the linear electronic specific heat. In tlie strong-
coupting theory of superconductivily (2], a central guan-
tity is the electron-phonon spectral distribution function
a®F{w) and lts first reciprocat moment A. The problem
to calculate X ab initio is important, in particular, for
fquantitative understanding of high-temperature super-
conductivity. The purpose of this Letter is to develop
a new generally applicable method for calculating this
quantity which essentially amounts to the self-consistent
linding of the full low-energy excitation spectzun of the
etal: the quasipasticle energies Ey; and the phonon
ltrquencies wq, ‘The wmost papular estimate of Ey; is

that of Baroni et al. |12] that systems with narrow bands
such as d bands are treated as easily as systems with
only broad bands because it uses muffin-tin, rather than
plane-wave, Liasis sets for the electron wave [unctions. In
the presenl Lelter, we generalize this method to the com-
putalion of the wave-vector dependent electron-phonon
coupling. The screening potential for every q is found
self-consistently without the use of any RMTA or RIA.
a?F(w) and A are obtained by iutegration over the whole
Brillouin zoue. We demonstrate the spplicability of this
all-electron approach by computing o? Fw) for a few el-
emental metals, the sp-band metal Al and for the d-band
metals Nb and Mo. Moreover, we present the results for
the transport properties: the dimensionless A, as well as
the phonon-limited eclectrical and thermal resistivities at

S‘- j//‘?)/,'__:f the one-electron band structure obtained from a density- 273 I For the d-band metals, these are the first fully

CU // e functional calculation in the locat-density approximation  screcned ab initio calculatiuns.

i //////// (LDA) 13). Our method etnploys the expression [14)

font ,'/’{// 44 Many previous attempis to compute A, in particular 1 ~,

> 20 ,;/ 7 i for trausition metals, focused on calculating mereiy the ol Flw) = N O] Z ﬁé(m —wqy), (1)

" / so-called ele;t:nnic contribution [4], while the phonon lfre— qu W

- quencies and cigenvectors were usyally taken from inelas- . i i

oet tic ncutron-scaftering data and the self-consistent adjust- for @ F(w) in terms of the phonon.linemdths Tav a.nslng

L . . from the rlectron-phonon Intersction. Here, and in the
ment of the one-electron poteutial to the phonon distor- . . .

5 /////// tion was replaced by tigid-fon [5] or rigid-mulfin-tin [5] following, we use atemic Hydberg units, }:q means the

approximations (RIA or RMTA). That these approxima-
tians are not justified in general wos shown for the case

average over the Brillouin zone (BZ), v numerates the
phonon branches, and N{0) is the electronic density of

1 0 —o.'_"'«‘-:o‘ Py :- of aluminium by Winter {7] using linear-response theory S,LBLEE_’ per atom. and per spin at ,H:B Fermnl level. '.I‘he
4 .”"// for the sercening linewidths are given by the Fermi “golden rule” which,
& g 1
\""l,‘ Accurnte plionon frequercies and eigenvectors, as well _Whe" the energy bands around ﬂfe Ferml level are linear
S in the range of the phonon cnergies, may be written as

as the self-consistent screening and, hence, the electron-
phiongn interaction, may however, be calculated with
the {rozen-phonon total-energy appronch using super-
cells, but only for commensurate phonen wave vectors g
{8-11]. With the crude sampling allowed by the limited
size of the supercell, the accuracy of g-integrated quan-
tities like A is usually not high enough for estimating for
instawce T,.

An eflicient, lincar-response technique based on the
solid-state Sternheimer method [12] was recently devel-
oped and shown to produce accurate phonon disper-
sions and eigenvectors for arbitrary q in transition met-
als {13]. The important advantage of this metliod over

Taw = 2"“4-’11» E 6(EIU)6(Eh+qJ’)l.?::qj',kﬂ’v (2)
jjt

where j and j’ we the band Indices, Ey; are the en-
ergies with respect 1o the Fermi level, and g@7 . s
the electron-phonon matrix element. The stan rd def-
inition of ¢ is simply the probability of scattering from
the one-electron state | kj} to the state { k + qj’} vie the
phonon qu. In a case like ours, where the electronic states
are approximated by superpositions of atom-centered or-
bitals, it la inconvenient to evaluate this expression be-
cause it luvolves the orbitals at the equilibrium atomic

312 0031-9007/94/72(3}/372(4)306.00
© 1994 The American Physical Socicty
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Vibrational and dielectric properties of Ceo from density-functional
perturbation theory

Paolo Giannozzi

Sciedt Nozanede Nupeveuc and Fovw Jt Frvion Teorn o el INEM, Piazza dei Covalieri 7, 156126 Piva,
fraly

Stefano Baroni

Scrobe drteemacionude Swperine Stadt Mvanzan ENISNAL Viue Beirat 24, 1 34014 Trieste. tal

al
v oand
Iustint Romeined de Redborche Nomerngue en iy stiie des Maretieaax (IRRAFA), Lauvanne,

Switzerlond
(Reveived 26 Jamcy 1990, aweceptend 17 March 1999)

The vibrational fequencies wnd electric polarizability of the Cop molecule, bash in the gaseous and
e the solid phases, are caleataed troms lis principles using density-funciional perturbution theory.
This metbsad alse allows us to obiain the mfrared and Reaman activities which hat never been
calubited before e results are in eseellent agreement with existing experimental dala. and they

quantities (such as silent-mode lteguencies and vibrational
cigenvectors) which are not casily aceessible ke experiments

provide accurate predictions for thase

Expr. Theory Labet f ry
R 2 254 i, 0 0.09
R 3 425 i, 0 = {}
R 493 445 A, 0 023
IR 527 517 £, 100 0
IR 576 SB6 i 0.63 0
R 708 TH ", 0 ~ 0
R 773 783 H, 0 0.04
R 1099 1120 i, 0 0.04
IR FIXY 1218 F, 0.36 0
R 1218 12181 i, 0 0.0t
R 1126 1450 fH, 0 =0
IR 1428 ja62 F, 0.57 0
¢ R 1470 15¢4 A, 0 LK}
R 1575 1578 H, 0 0.37
J Chem, Phys 100 {1%), 1 Jlune 1ang 0021 -SENRG1100(11¥RR37/37%A N 19 Amencan Inshilinte of Physies

ARA7

S. de Qirouncol | PRY

frequency [cm] frequency [cm™]

frequency [cm']

00} q=(0,0,Q)

=]
<o

=)
<

s
)

o
=]

b2

[om—y

S, 6133 (1455)

“Aluminum_

<o

q=) 9=(9.49.9) q=(q,q.0}
00} R
000 $
%o
00t
° " 3 i L g
n PR S ST Ty i i " A i M L

D



Interatomic Force Constants

DR.R') =

vM(R), M(R')

]
5 u(R)

(R, R’)

&(R,R')

&
~ du(R)0u(R/)

&(R,R') = O(R - R')
=3 el (R-RIg(q)
q

M I [1e e " {

AVy(r)

‘i(q) = '/AVq(r)Anq(r)dr +  Qion—ion

Stefano Baroni

_—

from Density-Functional
Perturbation Theory

SISSA-Trieste
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Phonon DOS vs. Raman Cross section

Alloy Phonon Dispersions
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Substitutionallg Disordered Semiconductoré-;

Concentration Dependence of Raman Peaks from Perturbation Theory

AR NEEN NN/

"X N NN NN Ve(r) = ne(r)
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oo ee00 00

o000 0O0O0O0T Vo(r) — no(r)
XX XXX XX — Eg
o000 0Oe® — Any 4
e0o00000S

+ +

o0 OO0 03B ®@

2@ ®003 @@ AV(r) — An(r)
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Beyond the Mass Approximation

: i - t ic F :
Higher-Order Interatomic Force Constants Higher-Order Interatomic Force Constants.
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Structural and Electronic Properties

of Semiconductor Alloys and Superlattices Pseudopotential Alchemy
from Computational Alchemy

Stefano Baroni

Scuola Internazionale Superiore di Studi Avanzati

Trieste, Italy .../....0000’00000
© 0 00009000 O®OOH6O©SODO
00 00 09 OBCOOOOOOOO0
......QOO‘OOOOGQ
000000000 00C0D0006Q0
Vc(l') = va(n)(r - R)
R
e Computational alchemy: a perturbative approach to the Er) -
properties of semiconductor alloys and superlattices. — 1
=3 S(va(r - R) +uy(r—R))+
e Density-functional perturbation theory. R 2
e Structural  properties  of semiconductor alloys and Aii(r)
superlattices, 1 ( R)i
¢ Band offsets at semiconductor heterojunctions. XR: ( )2( al ?
e Clonclusions. ) AI}((I‘)

An(r) = Y o(R)Anio(r — R) + O(Av)?
"

Stefano Baroni SISSA-Trieste



Mapping the Alloy onto a Lattice Gas Including Lattice Relaxation

“\/ MR.
. '\{/ t .
AV(r) =) o(R)Av(r - R) $
) ﬂ $ " e - {ur} x Av+ O(AvF)
hoale) = Do ()M~ ) ;o * .
EHO’R_}, {URH = E + }iz or + % Z CFRO'RﬂJ(R — Rl)
R RR’
K . +éZuR-<}(RR’)-uR,
Ei\_,=) oR) [ no(r)Av(r—-R o
A=0 %: /0 v ) - up-F(R-R)ogr
RR/’
E\_ o= Z a(R)o(R) / Av(r — R)Anio(r — R)dr + O(A®)
RR’ ~ —~— -
J(R - R')

B~ Fo+ NK(o)+ % S J(R - R)o(R)o(R)
RR/

JR-R)=JR-R) _
. i Z F(R _ Ru) . Q_I(Ru . Rm) _F(Rm o Rr) |

SISSA-Trieste
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Linear-Response Calculation
of the Interaction Constants

® @ [ ]
A (r)—lfiAn(r)
v #q=#R
| o[ o | o
A { ion substitution : Avg — Ang
=
ion displacement : Awvp — Anp o ?_Ir_
Periodically ® o ® } Ag
Repeated
Perturbation
O J(R -R) :/Avg(r—R)AnS(r—R') dr
) PR-R')= [Avp(r—R)AnD(r—-R') dr
. F(R,~ R.’) = /AUD(I‘MR)Ans(l‘—R') dr

= /At’s(r - R)Anp(r - R') dr

® CPULrt x #4q = #R

* Long-range interactions (large # R) tractable!



Reciprocal-Space Formalism

Isolated
Perturbation
BEREEL ANESNE
| T
,T T J T
Dvg(r)
Au(r) = Y €Ty e TAT(q+G)
qEBZ G
Ang(r)
An(r) = Y 9T %rAR(q + G)
qeBZ G
An(q+ G) =
4 Z (v,k[e”(‘”G)‘r]c,k +q){e, k+ q|Avg|v, k)
NQ fc(k+q)_6v(k)

ev k

. CPUSCF‘ o (#R)3

QIRK A _Trisate

Real-Space Interaction Constants
(Si,Ge, )
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Calculated Formation Enthalpies
S b X q@ {(—%

Sex M T

Structures Bulk (a) Epitaxial (b)
-Af
— XGa ag AN aL
Unrelaxed Relaxed _ 02

Struciure LRT SCF LRT‘“__"‘SCF SL[001)141 1/2 10.61 21.4 (20.5) 1061 0.8 (-0.2)

ZB 61 4 6.5 6.4 5.5 Lusonite 3/4 10.42 16.2 {18.1) 10.25 09 (L.0)

(0015, '.4.6 —4.6 9l4 9'7 Luzonite 1/4 1078 168 (1a7)  10.9 Ly (-1.1)
Lt ) : . -9 -9 , (-12.0)
{00154, -3.9 -3.9 -6.3 -6.4 Shalcgsyite, /4 060 Jpd (84 1000 JAd -
N L[),Q]] 143 -89 -3.9 -6.3 -6.5 Famatinite 34 10.42 9.1 (10.8) 10.25 49 -
,[U,UIJ{‘*_3__.._ 1 ,,,fg;_l_ _ -3.2 -9.2 -9.5 Famstluits 1/4 10.79 1.8 (8.2) 10.97 -3 (e
: ,[1 l,”?t? Rl BERCEY -9.7 -9.9 -10.0 ST[11 144 1/2 10.81 31.1 (30.4) 10.83 18.6
' “{HM«’ - _jg _gg —?-fli -gg Random 0.5 16.60 18.3 10.83 13

et EL e S I To- -t ot ] 88 10.24 Ad

lr]-i“] § 2.7 27 104 107 SaRhaie 12/18 10.42 15 (8.6)
- ,‘fi*mf{.j..z_ I : N N 9'/3‘3 10.38 “- 10.18 “

A0y ) 25 | -25 75 78 Lalras

[H10]1 4 2.5 25 75 79

(meV/atom)
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TPy Montes_Cégle Simulations
1L €;

Sampling Wegg({c},2) o e 728 (AEUc)A)1@NO-gN ()

Alloy formation energy:

AE({c},Q) = E({c},0) - (zEs(Qs;) + (1 — 2)Ege(Qce))

Elastic energy
-

= 2(Esi(Q) - Esi(Qsi)) + (1 - 2) (Eae(f1) ~ Ece(Qc.))

+ E({o},9) - (2Bs(0) + (1 - 2)Eau(®)

-

T e

Configurational energy=3 .’I.R.—R',ﬂ OprOpr—1
21313°4 Y, F R-_N' R R

.‘:(

Metropolis random walk in ({e},0}) space:

Q ({a}sﬂ]l

3 — ({G},ﬂ)4
\\

ft 6}19)3

: s {o}.0)e ({e}52)s
/({U}vQ)Z ’({g}‘ﬂ)s ({a}!n)"

(Arre 3 2 A(({0),))
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